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Abstract 
In the high power laser facility of China, 48 laser beams, passed and propagated by beampaths made up of thousands large optical units, should 
focus into the target centre better than 50 μm (RMS) within a few picoseconds, which poses technical challenges never seen before to technical 
institutions and industries. The assembly problem of large ICF optics, including to control and minimize the system’s alignment error, is 
characterized by three crucial constraint factors, stringent positioning specifications, complex structure including thousands of components, and 
ambient input excitations, so, any feasible solution must be a result balancing those constraints. A significant priority in optical system 
assembly and mounting optimization is to develop the methodology integrated optical performance, structural response and assembly 
tolerances into a unified framework to find a balance among conflicting constraints. So the fundamental principles of the framework we have 
developed, based on a strategy of multi-loops assembly alignments and approximations to final stringent specifications, are discussed here. 
Error budget of large optics are allocated from the total positioning budget of beamline consisted of those large optics. And the large optics are 
pre-aligned and packaged very precisely into the modular opto-mechanical assemblies called line replaceable units (LRUs), with strict 
specifications. Once all LRUs are assembled on the support structure and formed an activated beamline, the beamline will meet its assembly 
performance, as the required 50 μm (RMS) positioning accuracy. The philosophy is demonstrated by an example of transport mirror LRU 
assembly design. A great advantage of proposed opto-mechanical modeling and analysis is to provide a promising choice for new assembly 
challenges in leading edge fields, some ultra-precise or fragile balance between the specifications and working conditions. 
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1.  Introduction 
SG-III is an inertial confinement fusion (ICF) facility 
with 48 laser beams to create fusion conditions with 
controllable laboratory conditions, at China Academy of 
Engineering Physics [1]. In the high power solid-status laser 
system, there are thousands of large aperture optical 
components including laser glass, mirrors, lenses, and 
polarizers. Held in large opto-mechanical assemblies called 
line-replaceable units (LRUs) [2-3], these optics are designed as 
function-independent subsystems and must be manufactured 
and assembled with the most stringent requirements because 
that the position and direction of all beams must be 
sufficiently stable to allow their accurate alignment through 
the laser to the target and to maintain that alignment until the 
shot is completeˊSo the Optics Assembly Building (OAB), a 
Class-100 (ISO Class 5) cleanroom attached in SG-III facility, 
is built and all LRUs are assembled in the building with a 
condition of strict cleanliness and precise alignment. 
However, due to the fact that most technical requirements for 
large ICF optics are close to the limitations of state-of-the-art 
manufacturing, assembly and measurement technologies, 
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there are huge challenges to assure the stringent specifications 
of large ICF optics mounting, installation and alignment [4]. 
2.  Laser beam path and large optics error budget 
SG-III laser system features 48 high-power laser beams 
that will produce 0.18 MJ energy of laser with about 0.35 
micron wavelength. After fully operational, it will be the 
largest inertial confinement fusion research facility of China. 
As shown in the Figure 1 shows, each 3.75 kilojoules laser 
beamline consists of a multi-pass, regenerative amplifier 
followed by a power amplifier, a spatial filter to clean the 
beam, transport mirrors to convert laser path, and a final 
optics assembly before focusing on the micro-target. Since 
ICF experiments with SGIII will use a short pulse length of 
about one-to-twenty nanoseconds, the alignment-sensitive 
optical components in SGIII system must be aligned properly 
and remain stable with that alignment to position the beams 
on target as desired. The specific requirements for alignment 
include positioning the 48 beams within the clear apertures of 
the laser components, focusing them accurately through the 
far-field pinholes of the amplifier chain spatial filters, and 
delivering them to the precise locations specified on the 
target. For the alignment processes, the beam position on 
target is an error summation of all the contributors that 
displace the beams from their appropriate locations at the 
target. It requires that the RMS deviation in the position of the 
centroids of all beams from their specified aiming points shall 
not exceed 50 μm at the target. To develop stability 
requirements, the motion of optical components is related to 
beam position on target. While translations of lenses relate to 
translations of the beams on target, rotations of mirrors are 
multiplied by the focal length of the target result in 
translations of the beams on target. So the impact of optical 
component’s errors to the beam position on target (denote as 
∆x) can be determined from the following equations [5-6]: 
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Where, ∆Lens, displacement of lens surface; 
fLens, focal length of lens; 
fTarget, focal length of target; 
α, angle between incident beam and mirror normal; 
θMirror, displacement of lens surface; 
n, since SGIII  is a multi-pass laser system, number of 
times beam passes through or reflected by an optical element 
is considered.  
Subsequently, with above discussions, each optical 
component belongs to the beamline can cause the laser to drift 
from its aligned position, the accumulative effect can be 
defined as follows: 
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Considering the fact that there are more than 30 types of 
LRUs, when using above equations reversely, it provides a 
guideline for error budget allocation of beamline optics – a 
certain portion of the total error budget should be allocated to 
each optic in the beamline. This implies the fact that for a 
huge laser system with thousands of components, its error 
budgets are based on the philosophy of top-down design. 
What did in the design of NIF, another inertial confinement 
fusion facility, as some engineering data shown by Sommer 
and Bliss, also keep this rule. For instance, the total drift for 
400×400 mm2 sized large turning mirrors in the Target Area 
Building is only 0.68 microradians (μrad) for rotation and 6.8 
microns (μm) for translation. This means the assembly 
structures and operational process shall be very precisely to 
meet the stringent requirements. 
 
Fig.1 Laser path of SG-III
3.  Large laser transport mirror and its alignment 
specifications 
Before entering the target chamber, the laser beams 
travel through the switchyard, where they are redirected by 
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transport mirrors to the upper and lower hemispheres of the 
target chamber before converging radially and hitting the 
millimeters-size target with the accuracy better than 50 μm 
(RMS) from various directions. So the performance of LRUs, 
for instance, transport mirror, should be based on stringent 
specifications which however, put huge challenges on design 
and realize of those LRUs in engineering practice [7]. The 
switchyard and target area mirrors share many requirements. 
As shown in Figure 2, in the transport mirror unit, the BK7 
mirror with a size of 610mm×440mm×85mm is positioned 
into an aluminium alloy frame and tightened with nearly 100 
fastens which are distributed uniformly on all sides of mirror 
and provide a small pressure on mirror. And then the LRU 
will be placed into the switchyard by 3 ball-shaped joints to 
ensure and validate the performances of laser beam’s path and 
direction to target [8]. Generally, ICF laser system uses a short 
pulse length (one to twenty nanoseconds) which requires the 
mirrors in the laser system to be aligned precisely and to 
remain stable with that alignment in order to position the 
beams on target as desired [9]. Tietbohi [6] has pointed out that 
the misalignment (angular deviation) of transport mirrors can 
have a major contributor to the beam position on target. Based 
on the formula (2), the impact of transport mirror’s deviation 
can be simplified as 
TargetMirrorMotion  Mirrorto due f' ' T2                          (4) 
The normal directional deviation and its surface texture 
(profile, waviness and roughness) are most influential factors 
on the performance of ICF transport mirrors. That is the 
reason why the transport mirror surface must have stringent 
specifications (as shown in Table 1) based on total ICF 
targeting accuracy and stability budget. 
 
Fig.2    The transport mirror 
Table 1   Specifications of typical ICF mirrors  
Transport mirrors: LM4~LM8 
Roughness of surface  < 0.4 nm 
RMS Gradient  < λ/75/cm 
Peak-to-Valley  < λ/3 
Mount-induced surface aberration  < λ/4 
Normal vector of surface  < 50 μrad 
angular stability  < 0.7 μrad 
alignment positioning linearity 3%. 
where the wavelength λ= 633 nm 
3.1  The normal directional error of mirror surface 
Traditionally, an assembly tolerance is dependent on 
how the tolerance chains are made up in the assembly. This 
includes some fundamental steps such as a description of the 
assembling relationships among parts, and then, modelling the 
mathematical equations of those variations in assembly 
dimensional chains. Most common used method of tolerance 
accumulation is as follows. Assume a 3D dimensional chain 
as [10] 
),...,,(N 121 6 nNNNf  
Where NΣ represents the required assembly dimension 
and Ni represents the dimensions of parts in dimensional chain. 
Then if denote δΣ as the tolerance of NΣ and δi as the tolerance 
of Ni, we have 
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And in more detail, assume a 3D representation of 
assembly feature, e.g., normal deviation of the mirror, as 
T]...[ 61 DDG  ¦ , we have a tolerance stackup equation: 
TJ ]...[ 61 GGG u ¦ . Where J is the Jacobian matrix: 
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Fig.3   The alignment setup of transport mirror 
This provides a computerized modelling and analysis 
tool for tolerance stackup of mirror assembly. Furthermore, if 
considering the mirror unit as flex-rigid coupling multi-bodies, 
this method also applies to the deviation analysis by iterative 
calculations when considering the fact that Jacobian matrix J 
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changes with the deformation of components at each loop.  
For the transport mirror alignment, as shown in Figure 3, we 
know the 3-joint plane (Δ123) is the reference datum for 
mirror misalignment error. So the angular error (Δθ) between 
the normal line of mirror surface and the normal line of plane 
(Δ123) is the one shall be reduced to minimum. It is required 
below 60 μrad for initially placed in the switchyard. If we can 
measure the angular deviation precisely and minimize it by 
adjustment the three joints, it is possible to keep the mirror’s 
misalignment within its requirements [11].  
The solution is shown as Figure 4. The simulated 
assembly station has same assembly joints and assembly 
positioning references as the structures in real laser beampath, 
so the transport mirror can be installed on the station by three 
ball-shaped joints as it does in laser building. That means, 
simulated installation at the station will produce same result 
as the mirror’s installation at real laser beampath in laser 
switchyard. If we can reduce the mirror’s misalignment error 
to an acceptable level, the mirror’s installation at real laser 
beampath will meet the required specifications. Additionally, 
a large reference reflector installed horizontally into the 
station has been already calibrated. When to use, the position 
and orientation of the reflector should be calibrated by using 
the optical-autocollimator and reference mirror. Then, the 
transport mirror to test can be installed into the assembly 
station. And using the optical-autocollimator, we can measure 
misalignment error of the mirror surface placed horizontally 
precisely. If the misalignment error isn’t within the 
specifications, we can adjust the three ball-shape joints to 
make angular error between the normal of 3-joint plane and 
the normal of mirror surface to lower. Table 2 shows the 
results of initial experiments. The angular deviation of normal 
line of mirror surface is measured (denote as Δxθ and Δyθ, as 
shown in Figure 5, which represent the projections of real 
angular deviation (Δθ) on two datum planes Y=0 and X=0. 
Considering the angular deviation is very small (close to zero), 
we have: 
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So, the simulated assembly station provides us an 
integrated system to measure the performance of transport 
mirror’s alignment precisely. Field experiments have been 
done (as the Figure 6) and the results are given at the Table 2. 
Its performance is robust —the deviation of mirror surface 
alignment is stable below the required 60 μrad.  
Optical-autocollimator
Simulated
assembly station
Horizontal reference
mirror
Transport mirror
Reflector
(Joints)
 
Fig.4  Schematic design of mirror alignment station   
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Fig.5 Measuring the angular deviation 
 
Fig.6  The test rig of mirror alignment 
TABLE 2:  Misalignment deviations of transport mirror 
NO. ΔXθ(μrad) ΔYθ(μrad) 
1.  0.3 1.6 
2.  -1.3 1.4 
3.  -12.3 9.35 
4.  -14.6 22.5 
5.  26.5 41.6 
6.  -1.2 16.7 
7.  -17.9 22.5 
3.2  Surface form evaluation under mounting loads 
The performance of mirror surface form will affect the 
quality of laser beam [12-13]. Held in an aluminium alloy frame, 
the BK7mirror is tightened by many bolts each of which 
provides a small pressure on mirror body. There needs a 
balance between holding it firmly and minimizing the mirror 
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distortion due to loads. Higher tighten loads lead to a large 
deformation unaccepted, but under lower pressure, ambient 
input excitation may lead to the drift of mirror unit [6]. So a 
numerical method to the mechanics of mirror assembly is 
proposed to model, analysis the mounting performance. As 
the follows, the static mechanic model of mounted transport 
mirror is discussed. When it is assembled in the frame, the 
mirror is tightened by nearly 100 bolts at all sides, and it is 
also tightened by a rectangular pressing plate at the margins 
of coated reflecting surface. So the mechanic model of mirror 
mounting can be simplified as a rectangle block with fixed 
bottom edges, upper edges under a uniform pressure, and all 
sides under fastening preloads. As shown in Figure 7, we can 
assume the boundary conditions as follows [11]. 
Boudary conditions of loads: 
At the upper edges (L), uniform distributed linear 
pressure σy=-P;  
At all sides of mirror, the preload of each bolt is Pi= 
constant, {i= 1, 2 …}. 
Boundary conditions of displacements:  
At the bottom edges (S), there are, Xs = 0, Ys = 0; Zs = 0. 
We have the differential equation for the bending of a 
plate (Lagrange equation): 
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Where p(x) is the loads distributed on the plate surface 
and D is the bending stiffness of the plate.  Gravity is also an 
important factor needs to pay attention in this model [14-15]. We 
know the simple-supported mirror has the maximum 
distortion at the surface centre.  
Based on the mechanic model mentioned above, 
simulation and calulation problems of the mirror surface 
deformation can be solved by using ANSYS workbench (R15) 
and Mathworks Matlab (R2011). Results is given as Figure 8 
where we assume the pressure on upper edge is 2000 N, the 
tightening loads of each bolt is nearly 130N, and mirror is 
placed horizontally. Considering the gravity-induced 
deformation and mount-induced deformation obey the 
superposition principle, we have the PV of mount-induced 
deformations (400mm aperture optical window) about 0.15 
μm. According to SG-III system’s specifications, the 
deformation (PV) of mounted mirror surface (clear aperture) 
shall be within λ/3=211 nm. Due to the stringent 
specifications on mirror surface aberration (as Table 1 shows), 
the gravity-induced distortion can do much contribution to the 
surface distortion of large aperture mirror [16-17]. And 
furthermore, if we consider the impact of mirror surface 
manufacturing (grinding and polishing) error, little margin is 
left for us on the control of mounting loads. So we have to 
design a system with thin-film strain sensors to measure and 
monitor the real loads on the mirror body and try to control 
the pressure within ±5% deviation. Field tests of tightening 
loads with measurement-analysis-operation loop have been 
done as the Figure 9. It shows that surface aberration (PV) of 
mounted mirror has a stable performance, 0.736λ ≈ 465 nm, 
within the optical specifications (Figure 10). 
 
Fig.7  Schematic loads model of mirror mounting 
 
Fig.8  Mirror surface distortion under loads 
 
Fig.9  Measure the tightening loads by thin-film sensor to  
 
Fig.10  The measured surface of transport mirror  
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5   Conclusions 
Assembly and alignment of large aperture optics is an 
important and difficult task in ICF laser system construction 
never seen before. This study provides a more general 
philosophy combining the parametric opto-mechanical 
methods and field studies to predict, evaluate and control the 
deviations of large ICF optics. We expect what we have done, 
can pave a way for the leading edge fields with similar 
assembly technical challenges. Generally, to control and 
minimize the assembly errors of large ICF optics, is 
characterized by three crucial constraint factors, stringent 
positioning specifications, complex structure including 
thousands of components, and ambient input excitations, so 
the key challenge in assembly tolerance control is to balance 
those constraints. As the follows: 
For those high precision large optical systems, assembly 
and mounting optimization is a result of integrated analysis on 
optical performance, structural response and assembly process. 
Besides traditional geometrical tolerance calculation, 
theoretical models and numerical analysis methods on 
structural response performance are very important for precise 
assembly/tightening design while the strategy of 
measurement-analysis-operation loop is indispensable on the 
nanometre-level precise control of large optics alignment and 
wavefront optimization.   
Stringent specifications on those systems also indicate 
the importance of a strategy of multi-loops assembly 
alignments and approximations to the final stringent 
specifications. For instance, in our engineering design, firstly, 
error budget of large optics are allocated from the total 
positioning budget of beamline consisted of those large optics. 
And the large optics are pre-aligned and packaged very 
precisely into the modular opto-mechanical assemblies which 
are designed easily to install on support structure. Once all 
LRUs are assembled on the support structure and formed into 
activated beamline, the beamline will meet its performance 
assemblies. 
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